Mid-wavelength infrared (MWIR) and long-wavelength infrared (LWIR) 1024 × 1024 pixel quantum well infrared photodetector (QWIP) focal planes have been demonstrated with excellent imaging performance. The MWIR QWIP detector array has demonstrated a noise equivalent differential temperature (NE T ) of 17 mK at a 95 K operating temperature with f/2.5 optics at 300 K background and the LWIR detector array has demonstrated a NE T of 13 mK at a 70 K operating temperature with the same optical and background conditions as the MWIR detector array after the subtraction of system noise. Both MWIR and LWIR focal planes have shown background limited performance (BLIP) at 90 K and 70 K operating temperatures respectively, with similar optical and background conditions. In this paper, we will discuss the performance in terms of quantum efficiency, NE T , uniformity, operability and modulation transfer functions.
MWIR QWIP device
A quantum well structure designed to detect infrared (IR) light is commonly referred to as a quantum well infrared photodetector (QWIP). An elegant candidate for the QWIP is the square quantum well of basic quantum mechanics [1, 2] . A coupled-quantum well structure was used in this device to broaden the responsivity spectrum. In the MWIR device described here, each period of the multi-quantum-well (MQW) structure consists of coupled quantum wells of 40Å containing 10Å GaAs, 20Å In 0.3 Ga 0.7 As, and 10Å GaAs layers (doped n = 1 × 10 18 cm −3 ) and a 40Å undoped barrier of Al 0.3 Ga 0. 7 As between coupled quantum wells, and a 400Å-thick undoped barrier of Al 0.3 Ga 0.7 As. Stacking many identical periods (typically 50) together increases photon absorption. Ground-state electrons are provided in the detector by doping the GaAs well layers with Si (see figure 1 ). This photosensitive MQW structure is sandwiched between 0.5 µm GaAs top and bottom contact layers doped n = 5 × 10 17 cm −3 , grown on a semi-insulating GaAs substrate by molecular beam epitaxy (MBE). Then a 0.7 µm-thick GaAs cap layer on top of a 300Å Al 0.3 Ga 0.7 As stop-etch layer was grown in situ on the top of the device structure to fabricate the light coupling optical cavity [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The MBE grown material was tested for absorption efficiency by using a Fourier transform infrared (FTIR) spectrometer. The experimentally measured peak absorption (or internal) quantum efficiency (η a ) of this material at room temperature was 19%. Due to the fact that the n-i-n QWIP device is a photoconductive device, the net (or external) quantum efficiency η can be determined using η = η a g, where g is the photoconductive gain of the detector. The epitaxially grown material was processed into 200 µm diameter mesa test structures (area = 3.14 × 10 −4 cm 2 ) using wet chemical etching, and Au/Ge ohmic contacts were evaporated onto the top and bottom contact layers. The detectors were back illuminated through a 45
• polished facet [5] [6] [7] and a responsivity spectrum is shown in figure 2 . The responsivity of the detector peaks at 4.6 µm and the peak responsivity (R p ) of the detector is 170 mA W −1 at bias V B = −1 V. The spectral width and the cutoff wavelength are λ/λ = 15% and λ c = 5.1 µm respectively. The photoconductive gain, g, was experimentally determined using [13] 
where B is the measurement bandwidth, N is the number of Responsivity spectrum of a bound-to-quasibound MWIR QWIP test structure at temperature T = 77 K. The spectral response peak is at 4.6 µm and the long wavelength cutoff is at 5.1 µm. quantum wells, and i n is the current noise, which was measured using a spectrum analyser. The photoconductive gain of the detector was 0.23 at V B = −1 V and reached 0.98 at V B = −5 V. Since the gain of a QWIP is inversely proportional to the number of quantum wells N, the better comparison would be the well capture probability p c , which is directly related to the gain [13] by g = 1/Np c . The calculated well capture probabilities are 25% at low bias (i.e., V B = −1 V) and 2% at high bias (i.e., V B = −5 V), which together indicate the excellent hot-electron transport in this device structure. The peak net quantum efficiency was determined using η = η a g. Thus, the net peak quantum efficiency at bias V B = −1 V is 4.6%. The lower quantum efficiency is due to the lower photoconductive gain at lower operating bias. A lower operating bias is used to suppress the detector dark current. Due to a low readout multiplexer well depth (i.e., 8 × 10 6 electrons) a lower dark current is mandatory to achieve a higher operating temperature and longer integration times. In background limited performance (BLIP) conditions the noise equivalent differential temperature (NE T ) improves with increasing integration time. However, the absorption quantum efficiency can be increased further up to 60-70% with higher quantum well doping densities. As a result, the operating temperature of the devices will decrease [9] . The peak detectivity is defined as D *
AB/ i n , where R P is the peak responsivity, A is the area of the detector and A = 3.14 × 10 −4 cm 2 . The measured peak detectivity at bias V B = −1 V and temperature T = 90 K is 4 × 10 11 cm √ Hz/W −1 . Figure 3 shows the peak detectivity as a function of detector operating temperature at bias V B = −1 V. These detectors show BLIP at a bias V B = −1 V and temperature T = 90 K for 300 K background with f/2.5 optics.
1024 × 1024 pixel MWIR QWIP focal plane array
It is well known that QWIPs do not absorb radiation incident normal to the surface unless the infrared radiation has an electric field component normal to the layers of the superlattice (growth direction) [6] . Thus, various light coupling techniques, such as 45
• edge coupling, random reflectors, corrugated surfaces [14] , two-dimensional grating structures [15] , etc have been used to couple normal incidence infrared radiation into QWIPs. Although random reflectors have achieved relatively high quantum efficiencies with large test device structures, it is not possible to achieve the similar high quantum efficiencies with random reflectors on small focal plane array pixels due to the reduced width-to-height aspect ratios. In addition, it is difficult to fabricate random reflectors for shorter wavelength detectors relative to very long-wavelength detectors (i.e., 15 µm) due to the fact that feature sizes of random reflectors are linearly proportional to the peak wavelength of the detectors. For example, the minimum feature sizes of the random reflectors of 15 µm cutoff and 5 µm cutoff FPAs were 1.25 and 0.3 µm respectively, and it is difficult to fabricate sub-micron features by contact photolithography [16] .
As a result, the random reflectors of the 5 µm cutoff FPA were less sharp and had fewer scattering centres compared to the random reflectors of the 15 µm cutoff QWIP FPA. As we have discussed previously [5, 6, 15] , additional infrared light can be coupled to the QWIP detector structure by incorporating a two-dimensional grating surface on the top of the detectors, which also removes the light coupling limitations and makes two-dimensional QWIP imaging arrays feasible. This twodimensional grating structure was fabricated on the detectors by using standard photolithography and CCl 2 F 2 selective dry etching.
After the two-dimensional grating array was defined by lithography and dry etching, the photoconductive QWIPs of the 1024 × 1024 FPAs were fabricated by dry chemical etching through the photosensitive GaAs/Al x Ga 1−x As MQW layers into the 0.5 µm-thick doped GaAs bottom contact layer. The pitch of the FPA is 19.5 µm and the actual pixel size is 17.5 × 17.5 µm 2 . The two-dimensional gratings on the top of the detectors were then covered with Au/Ge and Au for ohmic contacts and high reflectivity. Figure 4 shows nine processed 1024 × 1024 QWIP FPAs on a 4 inch GaAs wafer. Indium bumps were then evaporated on top of the detectors for a silicon CMOS readout integrated circuit (ROIC) hybridization process. A few QWIP FPAs were chosen and hybridized (via an indium bump-bonding process) to a 1024 × 1024 silicon CMOS ROICs and biased at V B = −1 V. At temperatures below 90 K, the signal-to-noise ratio of the system is limited by array non-uniformity, ROIC readout noise and photo current (photon flux) noise. At temperatures above 90 K, temporal noise due to the QWIP's higher dark current becomes the limitation. As mentioned earlier this higher dark current is due to thermionic emission and thus causes the charge storage capacitors of the readout circuitry to saturate. Since the QWIP is a high impedance device, it should yield a very high charge injection coupling efficiency into the integration capacitor of the multiplexer. In fact, Gunapala et al [17] have demonstrated charge injection efficiencies approaching 90%. Charge injection efficiency can be obtained from [7, 8, 16] as:
where g m is the transconductance of the MOSFET and is given by g m = eI Det /kT. The differential resistance R Det of the pixels at −1 V bias is 6.3 × 10 12 at T = 85 K and the detector capacitance C Det is 2.0 × l0 −14 F. The detector dark current I Det = 0.1 pA under the same operating conditions. According to equation (1) the charge injection efficiency is η inj = 98.8% at a frame rate of 10 Hz. The FPA was back-illuminated through the flat thinned substrate membrane (thickness ≈800Å). This initial array gave excellent images with 99.95% of the pixels working (number of dead pixels ≈500), demonstrating the high yield of GaAs technology. The operability was defined as the percentage of pixels having noise equivalent differential temperature less than 100 mK at 300 K background and in this case operability happens to be equal to the pixel yield.
We have used the following equation to calculate the noise equivalent differential temperature NE T of the FPA:
where D * B is the blackbody detectivity, dP B /dT is the derivative of the integrated blackbody power with respect to temperature, and θ is the field-of-view angle (i.e., sin 2 (θ/2) = (4f 2 + 1) −1 , where f is the f number of the optical system). Figure 5 shows the NE T of the FPA estimated from test structure data as a function of temperature for bias voltages V B = −1 V. The background temperature T B = 300 K, the area of the pixel A = (17.5 × 17.5 µm 2 ), the f number of the optical system is 2.5, and the frame rate is 10 Hz. Figure 6 shows the measured NE T of the imaging system at an operating temperature of T = 90 K, 60 ms integration time, bias V B = −1 V for 300 K background with f/2.5 optics and the mean value is 23 mK. This agrees well with our estimated value of 15 mK based on test structure data (see figure 5) . It is worth noting that the NE T of the detector array is reduced to 17 mK after removing the noise factors associated with ROIC, electronics, etc. The net peak quantum efficiency of the FPA was 3.8% (lower focal plane array quantum efficiency is attributed to lower photoconductive gain at lower operating bias and lower well doping densities used in this device structure) and this corresponds to an average of three passes of infrared radiation (equivalent to a single 45
• pass) through the photosensitive MQW region. It is worth noting that under BLIP conditions the performance of the detectors is independent of the photoconductive gain, and it depends only on the absorption quantum efficiency. A 1024 × 1024 QWIP FPA hybrid (see figure 7 ) was mounted onto a 5 W integral Sterling closed-cycle cooler assembly to demonstrate a portable MWIR camera. The digital acquisition resolution of the camera is 14 bits, which determines the instantaneous dynamic range of the camera (i.e., 16 384). However, the dynamic range of QWIP is 85 decibels. The preliminary data taken from a test set up have shown mean system NE T of 22 mK (the higher NE T is due to the 65% transmission through the lens assembly, and system noise of the measurement set up) at an operating temperature of T = 90 K and bias V B = −1 V, for a 300 K background. It is worth noting that these data were taken from the first 1024 × 1024 QWIP FPA which we have produced. Thus, we believe that there is a plenty of room for further improvement of these FPAs.
Video images were taken at a frame rate of 10 Hz at temperatures as high as T = 90 K, by using a ROIC capacitor having a charge capacity of 8 × 10 6 electrons (the maximum number of photoelectrons and dark electrons that can be counted in the time taken to read each detector pixel). Figure 8 shows one frame of a video image taken with a 5.1 µm cutoff 1024 × 1024 pixel QWIP camera.
Modulation transfer function
Modulation transfer function (MTF) is the ability of an imaging system to faithfully image a given object. The MTF of an imaging system quantifies the ability of the system to resolve or transfer spatial frequencies. Consider a bar pattern with a cross-section of each bar being a sine wave. Since the image of a sine wave light distribution is always a sine wave, the image is always a sine wave independent of the other effects in the imaging system such as aberration. Usually, imaging systems have no difficulty in reproducing the bar pattern when the bar pattern is closely spaced. However, an imaging system reaches its limit when the features of the bar pattern get closer and closer together. When the imaging system reaches this limit, the contrast or the modulation (M) is defined as,
where E is the irradiance. Once the modulation of an image is measured experimentally, the MTF of the imaging system can be calculated for that spatial frequency, using, Generally, MTF is measured over a range of spatial frequencies using a series of bar pattern targets. It is also customary to work in the frequency domain rather than the spatial domain. This is done using a fast Fourier transform (FFT) of the digitally recorded image. The absolute value of the FFT of the point spread function is then squared to yield the power spectral density of the image, S image . The MTF can be calculated using
We have used a well-collimated 20 µm diameter spot to estimate the MTF of the MWIR breadboard imaging system we have built using the 1024 × 1024 pixel QWIP FPA discussed in this section. Figure 9 (a) shows a three-dimensional plot of the signal observed from this imaging system, and figure 9(b) shows the horizontal and vertical point spread functions (PSF) of the image in figure 9 (a). Figure 10 shows the MTF of the imaging system as a function of spatial frequency. This was evaluated by taking the FFT of the point spread functions shown in figure 9 (b) and using equation (5) . It is important to remember that the MTF of a system is a property of the entire system, therefore, all of the system components such as the FPA, lens assembly, cabling, framegraber, etc contribute to the final MTF performance of the system as shown in equation (6). Thus, the system MTF system is given by,
The MTF of the spot scanner optics at Nyquist frequency is 0.2, thus the MTF of the FPA should be 30% and 45% at the Nyquist frequency N y = 25.6 cycles mm −1 (N y = 1/2 pixel pitch) along horizontal and vertical axes, respectively. This difference in the measured PSF becomes visible also on the MTF since the frequency contents of differently shaped PSFs are different. The narrower the PSF the more it contains higher frequency components. The lens MTF measurement does not show a large difference between horizontal and vertical. We believe that the difference is probably due to the ROIC and electronics.
Higher MTF at Nyquist indicates that QWIP FPA has the ability to detect smaller targets at large distances since optical and electronic energy are not spread among adjacent pixels. It is already shown elsewhere the MTF of a perfect FPA (i.e., no pixel-to-pixel cross-talk) is 0.64 at the Nyquist frequency. In other words, these data show that the pixel-topixel cross-talk (optical and electrical) of MWIR megapixel FPA is almost negligible at Nyquist. This was to be expected, because this FPA was back-illuminated through the flat thinned substrate membrane (thickness ≈800Å). This substrate thinning (or removal) should completely eliminate the pixel-to-pixel optical cross-talk of the FPA. In addition, this thinned GaAs FPA membrane has completely eliminated the thermal mismatch between the silicon CMOS ROIC and the GaAs based QWIP FPA. Basically, the thinned GaAs based QWIP FPA membrane adapts to the thermal expansion and contraction coefficients of the silicon ROIC. For these reasons, thinning has played an extremely important role in the fabrication of large area FPA hybrids.
LWIR QWIP device
Each period of this LWIR MQW structure consists of quantum wells of 40Å and a 600Å barrier of Al 0.27 Ga 0.73 As. As mentioned earlier, stacking many identical periods (the device Figure 11 . Responsivity spectrum of a bound-to-quasibound LWIR QWIP test structure at temperature T = 77 K. The spectral response peak is at 8.4 µm and the long wavelength cutoff is at 8.8 µm.
in this study has 50 periods) together increases photon absorption. Ground-state electrons are provided in the detector by doping the GaAs well layers with silicon impurities up to n = 5 × 10 17 cm
. This photosensitive MQW structure is sandwiched between 0.5 µm GaAs top and bottom contact layers doped n = 5 × 10 17 cm −3 , grown on a semi-insulating GaAs substrate by MBE. Then a 0.7 µm-thick GaAs cap layer on the top of a 300Å Al 0.27 Ga 0.73 As stop-etch layer was grown in situ on the top of the device structure to fabricate the light coupling optical cavity [2] [3] [4] [5] .
The MBE grown material was tested for absorption efficiency using a FTIR spectrometer. Test detectors with a 200 µm diameter were fabricated and back-illuminated through a 45
• polished facet [6] for optical characterization and an experimentally measured responsivity spectrum is shown in figure 11 . The responsivity of the detector peaks at 8.4 µm and the peak responsivity (R P ) of the detector is 130 mA W −1 at bias V B = −1 V. The spectral width and the cutoff wavelength are λ/λ = 10% and λ c = 8.8 µm, respectively.
The photoconductive gain g was experimentally determined as described in the previous section. The peak detectivity of the LWIR detector was calculated using experimentally measured noise current i n . The calculated peak detectivity at bias V B = −1 V and temperature T = 70 K is 1 × 10 11 cm √ Hz W −1 (see figure 12 ). These detectors show BLIP at bias V B = −1 V and temperature T = 72 K for a 300 K background with f/2.5 optics.
1024 × 1024 pixel LWIR QWIP focal plane array
A light coupling two-dimensional grating structure was fabricated on the detectors by using standard photolithography and CCl 2 F 2 selective dry etching. After the two-dimensional grating array was defined by lithography and dry etching, the photoconductive QWIPs of the 1024 × 1024 FPAs were fabricated by dry chemical etching through the photosensitive GaAs/Al x Ga 1−x As MQW layers into the 0.5 µm-thick doped GaAs bottom contact layer as described earlier. The pitch of at T = 70 K and detector capacitance C Det is 1.7 × 10 −14 F. The detector dark current I Det = 1.6 pA under the same operating conditions. The charge injection efficiency into the ROIC was calculated as described in earlier section. An average charge injection efficiency of η inj = 95% has been achieved at a frame rate of 30 Hz. It is worth noting that, the charge injection efficiency gets closer to one, especially when photocurrent is present. Since we are using direct injection ROIC, the injection efficiency gets better at higher drain current or when there is more photocurrent. Charge injection efficiency becomes worst at very low background flux, but limited by dark current for QWIP detector, i.e., the dark current keeps the pixel on. This initial array gave excellent images with 99.98% of the pixels working (number of dead pixels ≈200), again demonstrating the high yield of GaAs technology.
NE T of the FPA was calculated using equation (2) . Figure 13 shows the NE T of the FPA estimated from the test structure data as a function of temperature for a bias voltage V B = −1 V. The background temperature T B = 300 K, the area of the pixel A = (17.5 × 17.5 µm 2 ), the f number of the optical system is 2.5 and the frame rate is 30 Hz. Figure 14 shows the measured NE T of the system at an operating temperature of T = 72 K, 29 ms integration time, bias V B = −1 V for 300 K background with f/2.5 optics and the mean value is 16 mK. The noise of the camera system can be written as, N The uncorrected non-uniformity (=standard deviation/mean) of the FPA is only 8% including 1% non-uniformity of ROC and 4% non-uniformity due to the cold stop and optics not being able to give the same field of view to all the pixels in the FPA. As shown in this figure, after single-point correction non-uniformity reduced to 0.8%. the FPA, n ADC is the noise of the analogue-to-digital converter, and n MUX is the noise of the silicon ROIC. The experimentally measured N SYS is 2.4 units, and the n ADC and n MUX are 0.8 and 1 unit, respectively. This yields 2.0 noise units for n Detector . Thus, the NE T of the detector array is 13 mK at 300 K background with f/2.5 optics and 29 ms integration time. This agrees reasonably well with our estimated value of 15 mK based on test detector data (see figure 13) .
As described in the previous section, we have used a wellcollimated 20 µm diameter LWIR spot to estimate the MTF of the LWIR breadboard imaging system we have built using the 1024 × 1024 pixel QWIP FPA. Figure 15 shows the MTF of the imaging system as a function of spatial frequency. The MTF of the spot scanner optics at Nyquist frequency is 0.2, thus the MTF of the FPA should be > 0.5 at the Nyquist frequency N y = 25.6 cycles mm ideal FPA (i.e., no pixel-to-pixel cross-talk) is 64% at Nyquist frequency. Thus, the pixel-to-pixel optical and electrical crosstalk of this LWIR megapixel FPA is negligibly small. We have observed oscillations in many of our MTF measurements, and this may be due to the unfiltered high frequency noise on the PSF due to pattern noise. This becomes more pronounced at higher frequency when it approaches the noise floor. The source of this is most likely the ROIC and electronics. We do not think this is temporal in origin since we have averaged 64 frames or more for the PSF measurement. At 15 cycles mm A 1024 × 1024 QWIP FPA hybrid was mounted onto a 5 W integral Sterling closed-cycle cooler assembly to demonstrate a portable LWIR camera. The digital data acquisition resolution of the camera is 14 bits, which determines the instantaneous dynamic range of the camera (i.e., 16 384). The preliminary data taken from a test set up have shown mean system NE T of 16 mK at an operating temperature of T = 72 K and bias V B = −1 V, for a 300 K background.
Video images were taken at a frame rate of 30 Hz at temperatures as high as T = 72 K, using a ROIC capacitor having a charge capacity of 8 × 10
6 electrons. Figure 16 shows one frame of a video image taken with a 9 µm cutoff 1024 × 1024 pixel QWIP camera. In addition, the minimum resolvable temperature difference was measured by a single observer using seven bar targets ranging in spatial frequency from 0.1 cycles mrad −1 up to 1.33 cycles mrad −1 , which was the first target where no contrast could be measured (unclear). While the collection of the data does not adhere to the generally accepted requirements of having multiple observers, the data are consistent with the NE T measurement and worth reporting. At the lowest spatial frequency, the minimum resolvable differential temperature (MRDT) was 16 mK.
It is worth noting that these data were taken from the first 1024 × 1024 QWIP FPAs we produced. Thus, we believe that there is plenty of room for further improvement of these FPAs. For example, an implementation of an enhanced optical cavity designed using transmission-line techniques with the electromagnetic boundary conditions as described by Lin et al [18] will further improve the net quantum efficiency and the signal-to-noise-ratio of these devices. Furthermore, using the InGaAs/InP material system may improve the photoconductive gain significantly [19] . This will allow QWIP device structure to have more than the typical 50 periods without significant degradation in photoconductive gain. This will also increase the net quantum efficiency of the QWIPs. Together with high FPA uniformity, high operability, negligible pixel-to-pixel optical cross-talk, low 1/f noise [6] and possible high quantum efficiency, QWIP FPAs will be attractive to both space-borne and terrestrial infrared applications.
